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(54) Light harvesting photovoltaic device
(67)  The invention concerns a photoelectric conver-
sion device (1) comprising:

at least one photoconversion element (10) comprising at
least one organic photoconversion layer;

at least a first grating structure (20) arranged on a first
side of the photoconversion element;

at least a second grating structure (30) arranged on a
second side of the photoconversion element;

wherein said at least a first grating structure (20) is ar-
ranged so as to direct a near-infra-red light portion of light
incident on said first grating structure (20) into said pho-
toconversion element (10), the said at least a second
grating structure (30) being arranged to reflect at least a
part of said near-infra-red light portion back into said pho-
toconversion element (1) and to pass visible light out of
the photoelectric conversion device.

Fig. 9

Printed by Jouve, 75001 PARIS (FR)



1 EP 2 838 095 A1 2

Description
Technical Field

[0001] The invention relates to the field of photovoltaic
devices, more particularly to at least partially transparent
photovoltaic devices that incorporate organic light har-
vesting photovoltaic substances.

Background of he invention

[0002] The direct conversion of sunlight into electricity
using energy harvesting devices is key for the provision
of renewable energy in the future. Efficient use of existing
large surface areas in residential buildings can be made
by recently developed transparent photovoltaic technol-
ogy, which can be integrated into, for instance, window
panes. Transparent and flexible energy harvesting tools
can also be integrated into for example foldable elements
such as curtains, or can be integrated into e.g. screens
of portable computers and mobile phones, for providing
electrical energy to charge the device. In addition, such
transparent devices are interesting for powering invisible
electronic circuits that are integrated in, for example, au-
tomotive windshields.

[0003] The use of inorganic semiconductors, such as
silicon, for such energy harvesting applications is limited
because of these materials’ wide absorption spectra in
the visible wavelengths. In contrast, certain photosensi-
tive organic molecules show discrete absorptions spec-
tra in specific narrow spectral regions. Research work
has so far shown that it is possible to realize semi-trans-
parent organic solar cells having a residual colored as-
pect that might find applications, for example, in archi-
tectural and design motifs. Organic energy harvesting
devices which appear fully transparent to the naked eye
require specific organic molecules of which the visible
light transmittance is maximized while only the ultraviolet
and near-infrared radiation is absorbed by these mole-
cules. Not many organic dyes are available that have
these peculiar characteristics and that are highly trans-
parent in the visible part of the spectrum and that are
suitable for the mentioned applications, as the organic
molecules have to be stable under high temperature con-
ditions as well as under ultraviolet and heat radiation.
[0004] Some important steps towards fully transparent
solar cells having a high optical-electrical conversation
factor were recently reported by several organisations.
Early efforts to construct semitransparent devices fo-
cused on the use of very thin organic layers having ab-
sorption in the visible part of the spectrum and therefore
have been limited to either low light energy conversion
or too low transmission in the visible part of the spectrum.
In recent development work, focus has been on near-
infrared absorbing devices with relatively high visible light
transmission. Mainly two complementary approaches
have been investigated in order to find a compromise
between maximizing energy conversion and visible light
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transparency. The first approach consists of using spe-
cific selective near-infrared absorbing donors.

[0005] The second approach focuses on the transpar-
ent electrodes covered with different types of more or
less complex coatings especially designed for improving
the near-infra-red (NIR) absorption profile in the solar
cell.

[0006] In particular US2010/0186623 describes pho-
tovoltaic cells incorporating small molecules, such as
chloro-aluminium-phthalocyanine as electron donor and
C60 as electron acceptor, with which an optical-electrical
conversion efficiency of 1.7% is claimed, with a total in-
tegrated visible transparency of more than 55%.

[0007] In another example, J.Meiss et al. disclose in
Applied Physics Letters 99, p.193307, 2011,solar cells
comprising combination of substances such as Ph2-
benz-bodipy and C60 that can allegedly reach an energy
conversion efficiency of 2.4% and an average transmit-
tance between 400-750nm of 48%.

[0008] There are mainly three problems with the de-
vices disclosed in US 2010/0186623 and J.Meiss et al.
The first is that they need complex and expensive vacu-
um deposition techniques to realize the required layers
of the organic photovoltaic cells. The second is that the
substrates on which the layers are deposited are solid
and expensive materials such as glass sheets (in J.Meiss
et al.) or quartz (e.g.in US2010/0186623). Finally, the
reported organic photovoltaic devices use dye molecules
that have a residual absorption in a portion of the visible
spectrum, typically the red part, so that the photovoltaic
devices have a residual colored aspect, for example a
green-tinted aspect. This is undesirable for instance if
the photovoltaic device is integrated into a window pane.
The residual colored aspect cannot be modified or cor-
rected easily. Some solutions have been proposed to
reduce partially the residual color of the energy harvest-
ing windows. One solution is to incorporate other type of
dyesin order to absorb complementary parts of the spec-
trum, for example green in case of residual red absorp-
tion. Other techniques have been proposed such as the
deposition of specific designed interference layers.
These additional color correction solutions complicate
the technology of the organic photovoltaic devices and
make it more expensive.

Summary of the invention

[0009] The object of this invention is to overcome at
least partially the limitations of the photovoltaic devices
described in the prior art, and thereby to provide a pho-
toelectric conversion device having a greater photocon-
version. Furthermore, the color appearance of said pho-
toelectric conversion device to an observer situated to
one side of the photoelectric conversion devices can be
specified by light management techniques using partic-
ular arrangements of gratings arranged in said photoe-
lectric conversion devices.

[0010] The object of the invention is more precisely
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achieved by a photoelectric conversion device which
comprises:

- atleast one photoconversion element that compris-
es at least one organic photoconversion layer;

- atleast afirst grating structure that is arranged on a
first side of the photoconversion element;

- at least a second grating structure arranged on a
second side of the photoconversion element.

[0011] The first grating structure is arranged so as to
direct a near-infra-red light portion of light incident on
said first grating structure into said photoconversion el-
ement, and the at least second grating structure is ar-
ranged to reflect at least a part of near-infra-red light back
into said photoconversion element, enhancing as such
the optical path length and improving the photoconver-
sion efficiency. The first grating structure and the second
grating structure are optimized to maximize visible light
transmission of the photoelectric conversion device.
[0012] According to the invention, the grating struc-
tures arranged in the photoconversion elements may be
reflective grating structures.

[0013] The photoconversion element of the photoelec-
tric conversion device may be a single continuous layer
and the at least one of said first grating structure and said
second grating structure is arranged also as a single con-
tinuous layer. Such an arrangement allows to maximize
the photoelectric conversion efficiency.

[0014] The atleast one photoconversion element may
comprise a plurality of separate photoconversion ele-
ments, all arranged substantially in the same plane, and
the at least one of said first grating structures and said
second grating structures comprise a plurality of inde-
pendent grating structures. In that case, the plurality of
independent grating structures each face one of the plu-
rality of photoconversion elements. The embodiment
comprising a plurality of separate photoconversion ele-
ments allows to maximize the visible light transmission
through the photoelectric conversion device.

[0015] According to the invention further grating struc-
tures may be provided in between each of a plurality of
independent grating structures, said further grating struc-
tures are arranged to direct, by diffraction, near-infrared-
light into the said plurality of photoconversion elements.
The further grating structures may be arranged also to
reflect and/or transmit a portion of the incident visible
light. An embodiment comprising further grating struc-
tures allows to improve at the same time the near-infra-
red photoconversion efficiency and the visible throughput
of the photoelectric conversion device.

[0016] According to the invention a waveguiding foil
may be arranged to at least one side of the photoconver-
sion element. This waveguiding foil may be arranged to
guide visible or near-infrared light. In combination with
the first grating structure arranged to the waveguiding
foil, at least a portion of the incident visible light on said
first grating structure may be directed away from the pho-
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toconversion elements and near-infra-red light incident
of said first grating structure is directed towards and into
the photoconversion element. The cooperation between
a first grating structure and a waveguide such as a
waveguiding foil arranged to the photoconversion ele-
ment allows a great design flexibility of the visible and
near-infra-red light management in the photoelectric con-
version device.

[0017] The photoelectric conversion device may be
further arranged on a transparent substrate layer, which
may have waveguiding properties. The transparent sub-
strate may be used to deposit the different layers com-
prised in the photoconversion elements. The transparent
substrate may further have a second grating structure
arranged on said transparent substrate. The use of flex-
ible substrates allows for roll-to roll processing tech-
niques, thus for cost effective, mass production.

[0018] According to an embodiment of the invention,
said first grating structure and said second grating struc-
ture may be arranged to reflect a portion of the visible
lightincident on said first grating structure and/or second
grating structure, said portion corresponding to the visible
light with a wavelength range complementary to the ab-
sorbed wavelength range of the visible spectrum by said
photoconversion element. This allows to impose a spe-
cific color appearance of the photoelectric conversion de-
vice to an observer. The color appearance may be a neu-
tral color, preferably grey, or a well defined color.
[0019] According to another embodiment of the inven-
tion said first grating structure may be a reflective grating
structure arranged to reflect visible light incident on said
reflective grating structure, and according to that embod-
iment said waveguiding foil is arranged to guide said re-
flected visible light, and further gratings may be arranged
and optimized to direct near infrared light onto the pho-
toconversion elements, the further gratings being ar-
ranged and optimized also to transmit visible light.
[0020] Combining a reflecting first grating structure
and the waveguide properties of the waveguiding foil al-
lows a wide design flexibility of the photoelectric conver-
sion device and in particular a high visible transmission
and high photoconversion efficiency of the photoelectric
conversion device.

[0021] According to another embodiment of the inven-
tion the photoelectric conversion device may comprise:

- a plurality of photoconversion elements situated in
substantially the same plane and separated fromone
another, each comprising at least one organic pho-
toconversion layer;

- at least a first grating structure arranged on a first
side of each of said plurality of photoconversion el-
ements;

- a waveguiding foil arranged on said first grating
structure;

- at least one reflector arranged on a second side of
each of said photoconversion element. The reflector
may be a metal mirror or a dielectric mirror, or a metal
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mirror comprising a dielectric coating.

[0022] Said first grating structure of the embodiment
comprising a reflectoris arranged so as to direct a portion
of visible light incident on said first grating structure into
said waveguiding foil, the portion of visible light being at
least partially reflected by at least one surface of the
waveguide foil and subsequently transmitted in between
said plurality of photoconversion elements.

[0023] According to the invention the photoelectric
conversion device comprises at least one organic pho-
toconversion layer that incorporates dyes that are par-
tially transparent in the whole visible part of the spectrum
and partially absorbing in the near-infra-red part of the
spectrum. These dyes are chosen from the group com-
prising:

- dyes based on phthalocyanine and naphthalocya-
nine compounds;

- dyes based on porphine or corrole compounds;

- dyes based on metal complex compounds or transi-
tion metal - ligand complex compounds;

- dyes based on n-conjugated polyene molecules;

- dyes based on polymethine compounds;

- dyes based on diphenylmethane or triphenylmeth-
ane compounds;

- dyes based on quinone compounds;

- dyes based on azo compounds;

- dyes based on non-fullerene acceptor compounds;

- dyes based on chromophoric compounds;

- dyes based on radical compounds;

- dyes based on m-conjugated D-A molecules, oli-
gomer compounds and polymers with an optical gap
smaller than 1.8 eV, preferably smaller than 1.5 eV,
preferably smaller than 1.3 eV.

[0024] The implementation of the mentioned dyes al-
lows to avoid to have to use very thin layers having ab-
sorption in the visible part of the spectrum and therefore
avoids to obtain either a low light energy conversion or
atoo low transmission in the visible part of the spectrum.
[0025] According to the invention the transparent sub-
strate of the photoelectric conversion device is made of
a material chosen from the group comprising glass, Pol-
yethylene terephthalate (PET), Polycarbonate (PC), Pol-
yethylene naphthalate (PEN), Polymethyl methacrylate
(PMMA), Polyesters, Polyethylene (PE), Polypropylene
(PP), Polyethylene furanoate (PEF), polymers based on
Poly (bis - cyclopentadiene) condensates, colorless
Polyimide (CP), cellulose, Polyether ether ketone
(PEEK) and their combination.

[0026] The object of the invention is also achieved by
a method of generating electrical current. The method
comprises the following steps:

- receivingincidentlight comprising atleast near-infra-
red and visible light at a photoelectric conversion de-
vice;

10

15

20

25

30

35

40

45

50

55

- directing a near-infra-red light portion of said incident
light into a photoconversion element of said photo-
electric conversion device, said photoconversion el-
ement comprising at least one organic photoconver-
sion layer, said photoconversion element thereby
producing an electrical current;

- redirecting at least a part of said near-infra-red light
portion back into said photoconversion element;

- passing visible light out of the photoelectric conver-
sion device.

[0027] In an embodiment of the method of generating
electrical current, at least a portion of the visible part of
the light incident on the photoelectric conversion device
is reflected and wherein another portion of said visible
light is transmitted through the photoelectric conversion
device.

[0028] In a further embodiment of the method of gen-
erating current ,the reflected portion of the visible part of
the light is reflected by means of at least one of a first
grating structure arranged on a first side of the photocon-
version element and a second grating structure arranged
on a second side of the photoconversion element, said
reflected portion corresponding to the visible light with a
wavelength range complementary to the absorbed wave-
length range of the visible spectrum by said photocon-
version element.

[0029] In a further embodiment of said method of gen-
erating electrical current, said reflected portion is ar-
ranged such that said photoelectric conversion device
appears colorless or grey to an observer situated to one
side of said device.

[0030] In another embodiment of the method of gen-
erating electrical current at least a portion of the light
incident on the photoelectric conversion device having a
wavelength range corresponding to the absorption wave-
length range of the photoconversion element is reflected
by at least one of said first grating structure and said
second grating structure and wherein at least part of the
non-reflected visible light is transmitted through the pho-
toelectric conversion device, such that said photoelectric
conversion device appears colorless or grey to an ob-
server situated to one side of said device.

Brief description of the drawings

[0031] The above described objects and advantages
of the present invention will become more readily appar-
ent to those ordinarily skilled in the art after reviewing the
following detailed descriptions and accompanying draw-
ings, in which:

- Fig. 1illustrates an absorption spectrum of a cyanine
dye;

- Fig. 2aillustrates a photoelectric conversion device
comprising an organic photoconversion layer;

- Fig. 2b illustrates another photoelectric conversion
device comprising an organic photoconversion lay-
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er;
Fig. 3a illustrates a waveguiding foil;

Fig. 3b illustrates a transmission curve of a
waveguiding foil;

Fig. 4a illustrates a diffraction structure for color cor-
rection in transmission;

Fig. 4billustrates a corrected transmission spectrum
and a reflection spectrum of a diffraction structure
designed and arranged for color correction in trans-
mission;

Fig. 4c illustrates a first grating structure comprising
two superposed grating structures

Fig. 5a illustrates a diffraction structure to diffract a
visible light beam incident on a first grating structure;
Fig. 5b illustrates a transmission spectrum of a dif-
fraction structure to diffract a visible light beam inci-
dent on a first grating structure;

Fig. 6a illustrates a diffraction structure to diffract a
near-infra-red light beam incident on a first grating
structure;

Fig. 6b illustrates a transmission spectrum of a dif-
fraction structure to diffract a near-infra-red light
beam incident on a first grating structure;

Fig. 7a illustrates a second grating structure for re-
directing near-infra-red light back into the photocon-
version element;

Fig. 7b illustrates the reflection characteristics, in
function of wavelength, of the second grating struc-
ture of Fig. 7a for redirecting, near-infra-red light
back into the photoconversion element;

Fig.8a illustrates another second grating structure;

Fig. 8b illustrates the reflection characteristics, in
function of wavelength, of the reflecting diffraction
structure of Fig. 8a for redirecting near-infra-red light
back into the photoconversion element;

Fig. 9 illustrates a photoelectric conversion device
comprising a first grating structure arranged to cor-
rect color and a second grating structure for the in-
ternal reflection of near-infra-red light into the pho-
toconversion element;

Fig. 10 illustrates a transmission spectrum of the
photoelectric conversion device of Fig.9;

Fig. 11aillustrates a reflection spectrum of the pho-
toelectric conversion device of Fig.9;

Fig. 11b shows the near-infra-red reflection curve of
a second grating structure;

Fig. 12 illustrates a photoelectric conversion device
comprising a color correction first grating structure
to reflect red light and a second grating structure for
the internal reflection of near-infra-red light into the
photoconversion element;

Fig. 13 illustrates a reflection spectrum of the pho-
toelectric conversion device of Fig.12;

Fig. 14 illustrates a transmission spectrum of the
photoelectric conversion device of Fig.12;

Fig. 15 illustrates a photoelectric conversion device
comprising a plurality of photoconversion elements;
Fig. 16 illustrates a photoelectric conversion device
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comprising a plurality of photoconversion elements
and comprising reflecting structures;

- Fig.17 illustrates a photoelectric conversion device
comprising a plurality of photoconversion elements,
and comprising further grating structures arranged
between the first grating structures;

- Fig.18 illustrates a photoelectric conversion device
comprising a plurality of photoconversion elements,
and comprising further grating structures arranged
between first grating structures and comprising re-
flecting structures;

- Fig. 19illustrates a photoelectric conversion device
with the light source positioned to the side of the
second grating structure.

Detailed description

[0032] The following detailed description illustrates the
principles and examples of embodiments according to
the invention. It will thus be appreciated that those skilled
in the art will be able to devise various arrangements
that, although not explicitly described or shown herein,
embody the outlined principles of the invention and are
included in its scope as defined in the claims. In the de-
scription, similar reference signs refer to the same or sim-
ilar components or structural elements. Also, the term
"transparent" as used herein the description encompass-
es an average visible transparency of a straight through
beam of at least 50%, integrated over the whole visible
spectrum (V), which is defined as a wavelength range
between 400nm-650nm.

[0033] According to a generic embodiment of the in-
vention, illustrated in Fig. 2a and Fig. 9, the photoelectric
conversion device 1 comprises a photoconversion ele-
ment 10, arranged between a first grating structure 20
and a second grating structure 30. The photoconversion
element 10 comprises further atleast the following layers:

- afirst transparent conductive electrode 11,

- a photoactive layer comprising at least one organic
photoconversion layer 15, and

a second transparent conductive electrode 19.

[0034] The layers of the photoconversion element 10
may be separated between each other by an intermedi-
ate layer. An example of an intermediate layer is a hole
extraction layer 13 and an electron extraction layer 17.

[0035] The function of said at least one organic photo-
conversion layer 15 of the photoconversion element 10
is to separate the excitons that are formed by absorbed
lightinto charges in said organic photoconversion layers.
It should be noted that photoconversion elements are
also known as light conversion elements, or light harvest-
ing elements. The organic photoconversion layer consid-
ered in the invention have preferably strong absorption
features outside the visible light spectrum, e.g. in the ul-
traviolet and particularly in the near-infrared part of the
spectrum, said near infra-red part being defined as light



9 EP 2 838 095 A1 10

between 670nm to 1400 nm

[0036] Said organic photoconversion layer(s) 15 may
comprise, forinstance, dyes chosen from the group com-
prising:

1. m-conjugated polyene systems and related com-
pounds

a. polyacatylene, cyclic polyene, cyclic polyene-
yne, acene, rylene
b. fullerene, graphene, CNT;

2. porphine and corrole dyes and related com-
pounds;

3. phthalocyanine and naphthalocyanine dyes and
related compounds (such as monomeric, dimeric,
trimeric up to polymeric structures, such as mono-
nuclear, di-nuclear up to poly-nuclear structures,
such as dendritic and columnar structures) with met-
als such as, but not limited to Ni, Pt, Pd;

4. metal complex dyes, transition metal-ligand com-
plexes (with metals such as, but not limited to Os,
Ru, Cr, Cu, Ni, Co) and related compounds (such as
monomeric, dimeric, trimeric up to polymeric struc-
tures, such as mono-nuclear, di-nuclear up to poly-
nuclear structures, such as dendritic and columnar
structures)

a. dithiolene metal complexes with metals such
as, but not limited to Ni, Pt, Pd

b. benzosemiquinonato complexes with metals
such as, but not limited to Zn, Ni

c. formazyl metal complexes

d. metal azo complexes

e. polypiridyl dyes with metals such as, but not
limited to Ru;

5. polymethine dyes and related compounds (such
as monomeric, dimeric, trimeric up to polymeric
structures, such as mono-nuclear, di-nuclear up to
poly-nuclear structures, such as dendritic and co-
lumnar structures)

. cyanine dyes

. squaraine and croconate dyes

. merocyanine and oxonol dyes

. radical polymethine dyes

. cross-conjugated cyanine dyes, such as but
not limited to borondipyrromethaenes, pyrrol-
opyrrole cyanine, diketopyrrolopyrrole;

® QO O T Q

6. diphenylmethane, triphenylmethane and related
compounds (such as monomeric, dimeric, trimeric
up to polymeric structures, such as mono-nuclear,
di-nuclear up to poly-nuclear structures, such as
dendritic and columnar structures)

7. quinone dyes and related compounds (such as
monomeric, dimeric, trimeric up to polymeric struc-
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tures, such as mono-nuclear, di-nuclear up to poly-
nuclear structures, such as dendritic and columnar
structures);

8. azo dyes and related compounds (such as mon-
omeric, dimeric, trimeric up to polymeric structures,
such as mono-nuclear, di-nuclear up to poly-nuclear
structures, such as dendritic and columnar struc-
tures);

9. chromophoric systems and related compounds

a. charge transfer type nn* chromophores such
as, but not limited to azamonomethine, in-
dolizino-alquinoline, carbodinitrile

b. charge resonance and molecular exciton type
nrn* chromophores such as, but not limited to
bichromophoric dyes, dye aggregates, TCNQ,
dications, dianions

c. non nn* chromophore, on* and nc* NIR
chromophores such as, but not limited to nitroso
compounds, cyclic conjugated disulfides, tetra-
chalcogenonaphthalenes;

10. radical dyes and related compounds (such as
monomeric, dimeric, trimeric up to polymeric struc-
tures, such as mono-nuclear, di-nuclear up to poly-
nuclear structures, such as dendritic and columnar
structures);

11. n-conjugated D-A molecules, oligomers and pol-
ymers with a small optical gap and related com-
pounds

a. polythiophenes

b. poly(3,4-ethylenedioxythiophene) PEDOT
c. polyisothianaphthalenes

d. copolymers based on isothianaphthalene

e. copolymers of benzothiadiazole, pyrrole and
thiophene

f. copolymers based on thiophene, benzothiadi-
azole or benzo-bis (thiadiazole)

g. copolymers based on thienopyranozine

h. copolymere based on polyfluorene;

12. Non-fullerene acceptors (such as monomeric,
dimeric, trimeric up to polymeric structures, such as
mono-nuclear, di-nuclear up to poly-nuclear struc-
tures, such as dendritic and columnar structures)
and related compounds

a. rylene diimide based derivatives

b. thiophenyl-S,S-dioxide based derivatives

c. cyano poly(phenylenevinylene) based deriv-
atives

d. metallophthalocyanine derivatives

e. pigments and dyes chosen among the above
mentioned dyes 1. to 11.

f. 2-vinyl-4,5-dicyanoimidazole based deriva-
tives

g. diketopyrrolopyrrole based derivatives
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h. copolymers of fluorene and bis-(thienyl) ben-
zothiadizole

i. organoboron polymers

j. cyanated pentacene derivatives

k. 9,9-bifluorenylidene derivatives

[0037] Fig.2b shows another exemplary arrangement
of layers of the photoconversion element 10 comprising:

- afirst transparent conductive electrode 11,

- ahole extraction layer 13,

- aphotoactive layer comprising at least one organic
photoconversion layer 15,

- an electron extraction layer 17,

- atransparent conductive polymer 21, and

- ametal grid array 23 partially embedded in an elec-
trically isolating polymer.

[0038] The layers of the photoconversion element 10
shown in Fig.2b may be separated between each other
by an intermediate layer. The transparent conductive pol-
ymer may comprise a reflector or a second grating struc-
ture.

[0039] The design and realisation of the photoconver-
sion element 10 itself, comprising at least one organic
photoconversion layer 15, is well known in the literature,
and need not be described further in more detail. Some
publications on this subject are cited:

- J.Meisetal., "Near-infrared absorbing semitranspar-
ent organic solar cells", Applied physics letter 99,
193307-1, 2011

- R.Koeppe etal. ,"Organic solar cells with semitrans-
parent metal back contacts for power window appli-
cations", ChemSusChem, 2, pp.309-313, 2009

- R.R.Luntetal., « Transparent, near-infrared organic
photovoltaic solar cells for window and energy-scav-
enging applications », Applied Physics Letters
98,113305,2011

- Patents: PCT/US2007/024651 ; US 2010/0186623 ;
US 2012/0186623

[0040] Photoconversion elements comprising organic
photoconversion layers using said dyes are very trans-
parent in the visible range of the spectrum but they are
not completely color free due to an unbalanced transmit-
tance in the visible range. The graph of Fig.1 shows an
example of a partial absorption of red light in the case of
cyanine dyes.

[0041] To improve the near-infra-red light conversion
efficiency and to carry out a color correction of the ap-
pearance of the photoelectric conversion device due to
the partial absorption of a part of the visible spectrum by
the photoconversion element, the photoelectric conver-
sion device further comprises a first grating structure and
a second grating structure arranged adjacent to the or-
ganic photoconversion element.

[0042] In the generic embodiment illustrated in Fig. 9,
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the first grating structure 20 is arranged onto one of the
surfaces of a waveguiding foil 40, this waveguiding foil
40 being positioned on one side of the photoconversion
element 10. In the generic embodiment of Fig. 9 the pho-
toelectric conversion device 1 is oriented so that the first
grating structure is facing the light source.

[0043] The first grating structure 20 is designed to
transmit a portion of the visible part 80 of the spectrum
of the incident light on said first grating structure 20 and
to direct the near-infra-red part 60 of the incoming light
incident on said first grating structure 20 into said organic
photoconversion layer 15. The angle of the diffracted
near-infra-red light 60 by said first grating structure, i.e.
the angle to the normal to said first grating structure 20
after diffraction by said first grating structure, is chosen
to make the path length of the incoupled near-infra-red
as long as possible in order to improve the photoconver-
sion efficiency. The diffraction angle of the incoupled
near-infra-red light 61 will preferably be chosen greater
than 10°, preferably greater than 30 °, and even more
preferably greater than 60°.

[0044] Besides coupling near-infra-red light into said
photoconversion element, said first grating structure 20
is also designed as a color correction grating and reflects,
to the side of the light source, as shown in Fig. 9, a portion
of the complementary part of the visible light spectrum
that is absorbed by the photoconversion element. For
example, if the organic photoconversion layer comprises
dyes that absorb red light, such as illustrated in Fig.1 for
the case of cyanine dyes, said first grating structure 20
will be designed and arranged to reflect a portion 72 of
the "green and blue light" 70 incident on said first grating
structure 20. In consequence, an observer Oi looking at
the photoelectric conversion device 1 from the side op-
posite to the light source LS see the device as grey, and
from the side of the light source an observer Oo will see
said photoelectric conversion device 1 as blue-green.
This is illustrated in Fig. 10 and Fig. 11a, which show, for
the embodiment of Fig. 9, the transmittance and reflec-
tion graphs of the photoelectric conversion device 1.
[0045] There are different ways to realize the first grat-
ing structure 20. Said first grating structure can be made
for instance by embossing a Polyethylene carbonate
(PEC) plastic waveguiding foil, on which a ZnS diffraction
enhancement layer is deposited. The transmission and
reflection properties of an exemplary first grating struc-
ture 20 are shown in Fig. 4b. One can refer to the patent
application PCT/EP2013/065631 filed by one of the ap-
plicants to obtain details regarding the design, the meth-
od of realization and the obtained transmission and light
coupling characteristics of first grating structures 20. The
grating structures taughtin PCT/EP2013/065631 can be
adapted directly to near-infra-red wavelengths. Exam-
ples of grating structures that can be adapted as first
grating structures are disclosed in the patents
EP1767964 and EP1990661.Said first grating structures
20 may be realized by any grating fabrication method
adapted to plastic foils. Materials for the waveguiding foil
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40 may be chosen from the group comprising glass, Pol-
yethylene terephthalate (PET), Polycarbonate (PC), Pol-
yethylene naphthalate (PEN), Polyethylene carbonate
(PEC), Polymethyl methacrylate (PMMA), Polyesters,
Polyethylene (PE), Polypropylene (PP), Polyethylene
furanoate (PEF), polymers based on Poly (bis - cyclopen-
tadiene) condensates, colorless polyimide (CP), cellu-
lose, Polyether ether ketone (PEEK) polymers and com-
binations thereof. Fig.3b shows a transmission spectrum
of a PEC polymer.

[0046] The first grating structure 20 may comprise at
least two superposed grating structures as taught in
PCT/EP2013/065631. Ina variant, one of the at least two
grating structures is a color correction grating, while the
second of the at least two grating structures diffracts
near-infra-red light towards and into said organic photo-
conversion layer, as illustrated in Fig.4c. Said two grating
structures may be separated by a transparent layer. The
transparent layer may be a dielectric layer.

[0047] The photoelectric conversion element 1 com-
prises further a substrate layer 50 comprising a second
grating structure 30 arranged on one of the surfaces of
said substrate layer 50. The substrate layer 50 is a layer
on which the photoconversion elements 10 may be ar-
ranged. Said photoconversion elements 10 may be de-
posited on said substrate layer 50 or they may be con-
nected to the substrate layer by any intermediate layer,
such as a glue layer or any transparent layer. Said sub-
strate layer 50 may have waveguiding properties. The
material of the substrate layer may be chosen from similar
materials as the materials mentioned for the waveguiding
foil 40.

[0048] Thesecond grating structure 30is designed and
arranged to transmit visible light and also to reflect at
least a part 62 of the near-infra-red portion 61 that is
coupled into the photoconversion element by said first
grating structure 20, thereby trapping said near-infra-red
portion into said photoconversion element 10.

[0049] Fig. 7a and Fig. 8a show two possible configu-
rations of said second grating structure 40 arranged to
reflect at least a part of the near-infra-red portion that is
coupled into the photoconversion element by said first
grating structure. Said second grating structure 30 may
be realized by a grating fabrication method similar to the
fabrication methods used for said first grating structures
20.

[0050] Fig. 11b shows the near-infra-red reflection
curve of a second grating structure reflecting at least a
part of the near-infra-red portion incident on said second
grating structure 30.

[0051] The photoelectric conversion device 1 accord-
ing to the generic embodiment illustrated in Fig.9 may be
arranged as an energy harvesting device located on win-
dows illuminated by the sun. The embodiment of Fig. 9
may also be deployed in the case of consumer electronics
such as the display of a mobile phone, including trans-
parent information displays. In the case of an electronic
device the electronic display to which the photoelectric
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conversion device is attached is the artificial light source.
This attachment may be done by gluing, by low or high
pressure techniques or by any technique assuring that
the photoelectric conversion device adheres to the win-
dow or screen. The artificial light source may also be
integrated into a screen or window to which the photo-
conversion device 1 is arranged. The photoelectric con-
version device may be arranged to one side of such
screens. If the photoelectric conversion device is ar-
ranged to the side of the observer on said screens, the
observer will see the photoelectric conversion device 1
as color neutral. If the observer is positioned to the side
of the screens opposite to the photoconversion device
(arranged on the screens), the observer will see the pho-
toconversion device having a blue-green appearance.
[0052] A wide variety of applications of the photoelec-
tric conversion device 1 are possible. For example, light
emitting displays may be integrated into screens such as
windshields of cars or other vehicles. In the case of car
windows for instance tinted glass is a desired feature,
and on some car front windows a colored sign or bar may
be arranged. The photoelectric conversion device may
be integrated as a design feature for expensive cars: the
color of the sign or the bar or the window could change
so that the apparent tint may change in function of the
angle of incidence of the light source.

[0053] Anotherfield of application is where semi-trans-
parent light harvesting window shades are needed, pos-
sibly vertical or horizontal shades. Users may forinstance
tune the transmission intensity and color by changing the
angle of the lamellae of the shades or shutters. The mar-
ket may demand different degrees of transparency, but
also different colors to match interior designs. Also, in
different factories windows are needed where a portion
of the spectrum of the incident light has to be filtered such
as waferfabs requiring a yellow over-all illumination. Ar-
chitectural designs of buildings are also an application,
requiring a control of the color of the photoelectric con-
version elements. Another application is the design of
foils having the shape of particular objects, such as arti-
ficial light-harvesting trees appearing green.

[0054] It will be understood that other color correction
arrangements can be realized with the embodiment of
Fig. 9, in function of the particular requirements of the
application. For instance it may be chosen not to com-
pensate fully the color appearance of the photoelectric
conversion device 1 due to light having a wavelength
range that is partially absorbed by the organic photocon-
version layer, so that the photoelectric conversion device
has a well determined colored appearance to an observ-
er, atleast seen from one ofthe sides of said photoelectric
conversion device 1.

[0055] Said waveguiding foil 40 and substrate layer 50
may further comprise each at least an anti-reflection lay-
er. On at least one of the surfaces of said waveguiding
foil and/or said substrate layer, a dielectric coating may
be applied. The dielectric coating may be a multilayer
interference filter coating. The surface of the waveguiding
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foil 40 opposite to said first grating structure 20 may com-
prise microlens arrays, or microprism arrays or diffractive
gratings, or a combination of them, allowing for instance
to change the angle and/or the aperture of the incident
light beam on said first grating structure 40 . The surface
of the substrate layer 50 opposite to said second grating
structure 30 may comprise microlens arrays, or micro-
prism arrays or diffractive gratings, or a combination of
them, to change the angle and/or the aperture of the in-
cident light beam on said second grating structure.
[0056] Said waveguiding foil 40 and/or said substrate
layer 50 may be separated from the photoconversion el-
ement 10 by a spacer or by a transparent layer, for ex-
ample a dielectric layer. Said layer may comprise several
different transparent layers.

[0057] Inthe embodiment of the photoelectric conver-
sion device 1, shown in Fig. 12, the structure of the pho-
toelectric conversion device is quite similar to the one of
Fig. 9, exceptthatthefirst grating structure 20 is designed
and arranged to reflect a portion 82 of the infalling light
beam on the photoelectric conversion device, that would
be absorbed by the photoconversion element if there
were no first grating structure 40. In the embodiment of
Fig. 12, most of said portion 82 of light will not be coupled
inside the photoconversion element. The second grating
structure of the photoconversion device shown in Fig.12
is designed to reflect a part 72 of the spectrum corre-
sponding to the complementary part of said portion 82
of light. Said first grating structure and said second grat-
ing structure are further designed and arranged so that
said reflected light beams 72 and 82, corresponding to
red, green and blue portions of the light beam, produce
a flat spectrum over the whole visible wavelength range.
[0058] Forexample, the embodiment of Fig.12 may be
used if the organic photoconversion layer comprises cy-
anine dyes presenting red light absorption. In that exam-
ple the first grating structure will be designed and ar-
ranged to reflect most of the infalling red light on said first
grating structure and second grating structure will be fur-
ther designed as to reflect also a portion of the incident
blue and green part of the spectrum so that an observer,
positioned to the side of the light source of the photoe-
lectric conversion device 1, will see said device 1 as color
neutral. Figs. 13 and 14 show the visible and near-infra-
red transmission and reflection curves of the embodiment
of Fig.12.

[0059] The typical situation in which the photoelectric
conversion device 1 of Fig. 12 is used is quite similar to
the ones mentioned for the embodiment of Fig. 9. The
choice between the embodiments of Fig. 9 and Fig. 12
will be made in function of the materials of the photocon-
version elements and the optical characteristics of the
light source. The embodiment of Fig. 12 is intended to
be used for typical situations such as a window illuminat-
ed by an indoor artificial light source in absence of sun
light, i.e. a situation typical during the night. In such a
situation an observer located to the light source side of
the photoelectric conversion device 1 will see the photo-
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conversion device as color neutral.

[0060] An observer positioned to the side of the pho-
toelectric conversion device opposite to the artificial light
source, i.e. typically an observer being outdoors looking
to a window illuminated by an inside artificial light, will
see the photoelectric conversion device 1 as having a
greenish-blue tint. The embodiment of Fig. 12 may be
arranged so that the photoelectric conversion device 1
has a specific predetermined color to an observer.
[0061] The embodimentrepresentedin Fig. 15, is quite
similar to the one of Fig. 9, and is intended to enhance
the visible light transmission The difference with the em-
bodiment of Fig. 9 is that in the embodiment of Fig. 15,
the photoconversion element 10, arranged between a
first grating structure 20 and a second grating structure
30, comprises a plurality of separate photoconversion
elements 10 arranged in substantially the same plane.
Said first grating structure 20 and said second grating
structure 30 comprise each a plurality of independent
grating structures. Each of said plurality of independent
grating structures face each of said plurality of photocon-
version elements 10. Each of said plurality of photocon-
version elements and each of said plurality of independ-
ent grating structures are separated by a transparent lay-
er 45 that is designed and arranged to pass visible light
100 straight through the photoelectric conversion device
1.

[0062] The embodiment represented in Fig. 16 is quite
similar to the embodiment represented in Fig. 15, with
the difference that that second grating structure 30 is a
reflecting grating structure adapted to improve further the
near-infrared light conversion efficiency.

[0063] In another embodiment, similar to the embodi-
ment represented in Fig. 16 the second grating structure
30 is replaced by a reflector. The reflector may be a me-
tallic mirror or may be a dielectric mirror. Said reflector
may also be a metallic mirror comprising and a dielectric
coating.

[0064] In another embodiment, shown in Fig. 17, fur-
ther grating structures 22 are arranged between said first
grating structures 20 comprising a plurality of grating
structures. Said further grating structures 22 transmit vis-
ible light and diffract near-infra-red light towards plurality
of photoelectric conversion elements 10. An example of
an arrangement of a further grating structure 22 is shown
inFig. 6a. Thefirstgrating structure 20 of the embodiment
shown in Fig. 17 is designed and arranged to reflect vis-
ible light 100. The reflected light 102 is coupled and guid-
ed, after said reflection by said first grating structure 20,
into the waveguiding foil 40 of the photoelectric conver-
sion device 1. When said reflected and guided light 102
is incident on said further grating structure 22, it is trans-
mitted by said further grating structure. The transmitted
light beam 104 traverses the photoelectric conversion
device 1 between said plurality of photoconversion ele-
ments 10. Said further gratings 22 are further designed
and arranged to couple near-infra-red light 110 incident
on said further gratings 22 towards and into adjacent pho-



17 EP 2 838 095 A1 18

toconversion elements 10.

[0065] In another variant, at least a portion 120 of the
near-infra-red light incident on said further gratings 22
could additionally be reflected by said further gratings
22, this portion 120 guided by the waveguide foil 40 being
subsequently coupled into the photoconversion ele-
ments by said first grating structures 20 as illustrated in
Fig. 17. Said further gratings 22 may comprise at least
two grating structures.

[0066] The further grating structure 22 may be ar-
ranged on any side of the waveguiding foil 20, or at both
sides. Further gratings structures 22 may at the same
time transmit near-infra-red light, diffract near-infra-red
light and reflect near-infra-red light.

[0067] The embodiment shown in Fig. 18 is quite sim-
ilar to the one illustrated in Fig. 17 and differs in that said
second grating structures 30 are reflecting grating struc-
tures.

[0068] Inanother embodiment similar to the one of Fig.
17 and illustrated in Fig.18 the second grating structure
30 is replaced by a reflector. The reflector may be a me-
tallic mirror or may be a dielectric mirror. Said reflector
may also be a metallic mirror comprising a dielectric coat-
ing.

[0069] The possible arrangements of the photoelectric
conversion elements are not limited to the previously de-
scribed embodiments. Additional features may be added
to the described structural elements of the embodiments.
For example, additional optical elements may be ar-
ranged to or into the photoelectric conversion device. As
an example, microlens arrays, or coatings, or micro-
prisms may be adapted on any of the surfaces of the
waveguiding foil and/or substrate layer. Additional layers
may be disposed on the surfaces of the waveguiding foil
and/or the substrate layer. Said additional layers may be
protection layers. Additional optical scattering micro-
structures may be imbedded in the waveguiding foil
and/or substrate layer and/or any layers of the photoe-
lectric conversion device 1.

[0070] The invention is not limited to embodiments
wherein the light source is to the side of the first grating
structure 20 of the photoelectric conversion device 1.
Similar embodiments may be devised wherein the light
source is to the side of the second grating structure 30.
In such a variant the first grating structure 20 may be
designed as a reflection grating and arranged so as to
reflect a portion of the transmitted visible light by the sec-
ond grating structure 30, as illustrated in Fig 19.

[0071] In particular situations, according to the inven-
tion, the photoelectric conversion device 1 may be ar-
ranged to cope with the presence of at least two light
sources, at least one light source being positioned to
each side of the photoelectric conversion device 1.
[0072] According to another aspect of the invention,
photoelectric conversion elements 10 may comprise at
least two different photoelectric conversion elements, of
which at least two photoelectric conversion elements are
designed and arranged according to a different embod-
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iment of the invention, and wherein said different photo-
electric conversion elements 10 are connected so as to
form a single photoelectric conversion element. Said at
least two photoconversion elements 10 must not be ar-
ranged in a single plane and may be arranged and con-
nected in different planes.

[0073] Also, the photoelectric conversion device 1 may
be arranged for particular light sources, such as, but not
limited to, high efficiency lighting sources such as solid
state lighting sources.

[0074] The invention relates also to a method to gen-
erate electrical current, which will be directly understood
by the skilled person from the description of the photoe-
lectric conversion device 1 describes above.

Claims
1. A photoelectric conversion device (1) comprising:

- at least one photoconversion element (10)
comprising at least one organic photoconver-
sion layer;

- at least a first grating structure (20) arranged
on a first side of the photoconversion element;
- at least a second grating structure (309 ar-
ranged on a second side of the photoconversion
element;

wherein said at least a first grating structure (20) is
arranged so as to direct a near-infra-red light portion
of light incident on said first grating structure (20)
into said photoconversion element (10), the said at
least a second grating structure (30) being arranged
to reflect at least a part of said near-infra-red light
portion back into said photoconversion element (1)
and to pass visible light out of the photoelectric con-
version device.

2. The photoelectric conversion device (1) according
to claim 1, wherein said grating structures (20, 30)
are reflective grating structures.

3. The photoelectric conversion device (1) according
to claim 1 or 2, wherein the at least one photocon-
version element is a single continuous layer and
wherein at least one of said first grating structure
(20) and said second grating structure (30) is ar-
ranged as a single continuous layer.

4. The photoelectric conversion device (1) according
to claim 1 or 2, wherein the at least one photocon-
version element comprises a plurality of separate
photoconversion elements arranged in substantially
the same plane, and wherein at least one of said first
grating structures (20) and said second grating struc-
tures (30) comprise aplurality ofindependent grating
structures.
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The photoelectric conversion device (1) according
to claim 4, wherein further grating structures (22) are
provided in between each of said plurality of inde-
pendent grating structures and arranged to direct
near-infrared-light into the said photoconversion el-
ements.

The photoelectric conversion device (1) according
to one of claims 1 to 5, wherein a waveguiding foil
(40) is arranged to at least one side of the photocon-
version element (10).

The photoelectric conversion device (1) according
to claim 6, wherein said first grating structures (20)
are arranged on said waveguiding foil (40).

The photoelectric conversion device (1) according
to one of claims 1-7, wherein a transparent substrate
(50) is arranged to at least one side of the photocon-
version element (10).

The photoelectric conversion device (1) according
to claim 8, wherein said second grating structure (20)
is arranged on said transparent substrate (50).

The photoelectric conversion device (1) according
to claim 3 and any one of claims 6-9, wherein at least
one of said first grating structure (20) and said sec-
ond grating structure (30) is arranged to reflect a
portion of the visible light incident on said first grating
structure (20) and/or second grating structure (30),
said portion corresponding to the visible light with a
wavelength range complementary to the absorbed
wavelength range of the visible spectrum by said
photoconversion element.

The photoelectric conversion device (1) according
to claim 4 or 5 and any one of claims 6-9, wherein
said first grating structure (20) is a reflective grating
structure arranged to reflect visible light incident on
said reflective grating structure, and wherein said
waveguiding foil (40) is arranged to guide said re-
flected visible light, and wherein said further gratings
(22) are arranged to direct near infrared light onto
the photoconversion elements (10), and wherein
said further gratings (22) are arranged to transmit
visible light.

A photoelectric conversion device (1) comprising:

- a plurality of photoconversion elements (10)
situated in substantially the same plane and sep-
arated from one another, each comprising at
least one organic photoconversion layer;

- at least a first grating structure (20) arranged
on a first side of each of said plurality of photo-
conversion elements (20);

- a waveguiding foil (40) arranged on said first
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grating structure (20);

- at least one reflector arranged on a second
side of each of said photoconversion element
(10);

wherein the said at least a first grating structure (20)
is arranged so as to direct a portion of visible light
incident on said first grating structure (20) into said
waveguiding foil (40), said portion of visible light be-
ing at least partially reflected by at least one surface
of the waveguide foil (40) and subsequently trans-
mitted in between said plurality of photoconversion
elements (10).

The photoelectric conversion device (1) according
to any one of claims 1-12, wherein said organic pho-
toconversion layer incorporates dyes that are par-
tially transparentin the whole visible part of the spec-
trum and partially absorbing in the near-infra-red part
of the spectrum.

The photoelectric conversion device (1) according
to claim13, wherein said dyes are chosen from the
group comprising:

- dyes based on phthalocyanine and naphthalo-
cyanine compounds

- dyes based on porphine or corrole compounds
- dyes based on metal complex compounds or
transition metal -ligand complex compounds

- dyes based on n-conjugated polyene mole-
cules

- dyes based on polymethine compounds

- dyes based on diphenylmethane or triphenyl-
methane compounds

- dyes based on quinone compounds

- dyes based on azo compounds

- dyes based on non-fullerene acceptor com-
pounds

- dyes based on chromophoric compounds

- dyes based on radical compounds

- dyes based on n-conjugated D-A molecules,
oligomer compounds and polymers with an op-
tical gap smaller than 1.8 eV, preferably smaller
than 1.5 eV, preferably smaller than 1.3 eV.

The photoelectric conversion device (1) according
to any one of claims 1-14, wherein the transparent
substrate is made of a material chosen from the
group comprising glass, Polyethylene terephtalate
(PET), Polycarbonate (PC), Polyethylene naptha-
late (PEN), Polymethyl methacrylate (PMMA), Pol-
yesters, Polyethylene (PE), Polypropylene (PP),
Polyethylene furanoate (PEF), polymers based on
Poly (bis - cyclopentadiene) condensates, colorless
Polyimide (CP), cellulose, Polyether ether ketone
(PEEK), and their combination.
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Method of generating electrical current comprising:

- receiving incident light comprising at least
near-infra-red and visible light at a photoelectric
conversion device (1) according to one of claims
1-15;

- directing a near-infra-red light portion of said
incident light into a photoconversion element
(10) of said photoelectric conversion device (1),
said photoconversion element (10) comprising
atleast one organic photoconversion layer, said
photoconversion element (10) thereby produc-
ing an electrical current;

- redirecting at least a part of said near-infra-red
light portion back into said photoconversion el-
ement (10);

- passing visible light out of the photoelectric
conversion device (1).

Method of generating electrical current according to
claim 16, wherein at least a portion of the visible part
of the light incident on the photoelectric conversion
device (1) is reflected and wherein another portion
of said visible light is transmitted through the photo-
electric conversion device.

Method of generating electrical current according to
claim 17, wherein the reflected portion of the visible
part of the light is reflected by means of at least one
of a first grating structure (20) arranged on a first
side of the photoconversion element and a second
grating structure (30) arranged on a second side of
the photoconversion element, said reflected portion
corresponding to the visible light with a wavelength
range complementary to the absorbed wavelength
range of the visible spectrum by said photoconver-
sion element.

Method of generating electrical current according to
claim 18, wherein said reflected portion is arranged
such that said photoelectric conversion appears
colorless or grey to an observer situated to one side
of said device.

Method of generating electrical current according to
claim 18, wherein at least a portion of the light inci-
dent on the photoelectric conversion device (1) hav-
ing awavelength range corresponding to the absorp-
tion wavelength range of the photoconversion ele-
ment, is reflected by at least one of said first grating
structure (20) and said second grating structure (30)
and wherein at least part of the non-reflected visible
light is transmitted through the photoelectric conver-
sion device (1), such that said photoelectric conver-
sion device appears colorless or grey to an observer
situated to one side of said device.
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